Design, fabrication and testing of two distinct miniature blood cell counters are presented. The first design utilizes a deep RIE silicon etch and anodic bonding technique to produce a compact flow cell capable of counting cells using the aperture impedance technique. The second design demonstrates a simpler aperture fabrication process that appears to be more ideally suited for miniature blood cell counters. Tests conducted indicate that the microfabricated aperture is capable of giving signals comparable to currently available desktop blood cell counters.
Introduction
Blood cell counting is a very important test required in medicine for the diagnosis of many illnesses. There are many blood cell counters available in the market today [l] and these come in many sizes with varying levels of complexities. However, one common feature of all of the existing blood cell counters is that they are large and therefore not portable, requiring at least a desktop computer, household current supply and a small support lab.
A small hand-held, battery operated, blood cell counter becomes very useful when field tests are required to be performed in remote areas. Such a micro blood cell counter could also be used for home-care, or point of care analysis in doctors offices, clinics and hospitals. Due to the batch fabricating nature of the micro-machining technology we use, many devices could be made at once. This enables us to fabricate disposable parts for the analytical portion of the counter which will reduce cross contamination and improve the chances of a better reading. Medical diagnosis often requires a separate count for all three of these cell types. According to [3] the concentration of red blood cells in normal human blood is 5x109 ml-', the concentration of white blood cells is 7x106 ml-' and that of platelets is 2 . 5~1 0~ ml-'. In simple terms this amounts to 700 red blood cells for every white blood cell and 20 red blood cells for every platelet.
Detection Technology
The most common blood cell counter used today is the Coulter Counter. This counter is based on the Aperture Impedance Principle (or coulter principle) which was first introduced by Walter H. Coulter [4] in the 1950's. Figure-1 is a schematic illustrating this principle. The details of its operation are outlined below.
Principle of Operation
In order to operate the coulter counter the blood cells (or particles to be counted) are first suspended in an electrolyte medium. If the cell membrane is intact, it iso-Amplifier to vacuum L o counter Electrolyte cell / particle t electrodes -;igure-1 : Illustration of the principle of Aperture Impedance lates the cell from the conductive electrolyte surrounding it, effectively creating the electrical equivalent of a highly resistant object. The normal resistance seen across the aperture depends on the aperture geometry and the resistance of the electrolyte occupying the aperture. When a vacuum is applied, cells in compartment B are forced to cross the aperture and into compartment A (Figure-1) . The resistance of the aperture increases as the effectively nonconducting cells displace the conducting electrolyte in the aperture. With a constant-current between the electrodes, this change in resistance can be converted to a voltage pulse corresponding to each traversal of a cell across the aperture. These pulses are then amplified and transmitted to a circuit that can count pulses with amplitudes above a predetermined threshold voltage level. The pulse size is proportional to the volume of the cells and so if blood is used each of the three cell types will generate reasonably distinguishable voltage pulses.
Theory of Aperture Impedance
To a first approximation the aperture may be considered as a resistance in a simple circuit governed by Ohm's law. Applying Ohm's law for the case where there is no particle or cell in the aperture, one obtains for the resistance:
where V = voltage across the aperture, I = constant current flow through the aperture, R = resistance of the aperture, p = resistivity of the electrolyte, 1 = length of the aperture and a = cross-sectional area of the aperture.
0-7803-5579-2/99/$10.00 0 1999 IEEE When a small particle of much higher resistivity enters the aperture it displaces the electrolyte and increases the aperture resistance. The altered resistance can be calculated from first principles by considering the details of the geometry within the aperture and integrating the effects of the conducting volumes (electrolytes) and non-conducting volumes (cells). By modeling the blood cell as a sphere of infinite resistance the following is
A R = K v ( 1 + 0 . 8 x + 0 . 7 5 x 2 + ...) (2) where x is the ratio of the cross section of the sphere to the cross section of the aperture, v is the volume of the sphere, K is the resistance of the aperture divided by its volume and A R is the change in resistance. From (2), provided that the dimension of the particle is small relative to the aperture, the resulting signal will be linear with the particle volume. In case of the coulter aperture, [6] reports that linearity is observed between 515% of the aperture size.
5 Aperture Design
Design-1
The typical Coulter aperture is approximately 70 p m in diameter and 100 p m in length. With the aid of microfabrication technology this can be realized on silicon. Almost vertical walls can be obtained for the aperture, using dry plasma etching technology. The vertical walls thus created will result in a rectangular shaped aperture as opposed to the circular coulter aperture. Figure-2 shows an illustration of the micro-chamber design with a rectangular aperture. The cell containing electrolyte flows from the centre of the left chamber (A) toward the aperture and into the right chamber, as shown by the horizontal arrow. This is achieved with the aid of a vacuum applied over the right chamber. The channels on the two sides (B) contain a sheath fluid for the purpose of focusing the cells so that they would tend to queue and flow, one after the other. This is because the sample flow is constrained to the centre of the aperture. A sheath fluid is simply an electrolyte solution void of any cells or particles. Such a mechanism used to focus the cells is called hydrodynamic focusing
. This also has the advantage of preventing recirculation of particles around the aperture.
Design-2
The second design is simpler as it consists only of the aperture and no inlet and outlet chambers. The shape The reason for the pyramidal aperture is due to the anisotropic wet etching process which has a much higher etch rate for the <loo> than the <111> planes. This preferential etch results in any square opening patterned in silicon to take the shape of a pyramidal cavity or hole. Even circular openings in silicon will result in a pyramidal hole. As a result we were unable to make circular or cylindrical holes. However, in a later section it will be shown that the fact that we used a pyramidal aperture was irrelevant as far as the shape of the signals and signal generation was concerned.
The cell or particle containing electrolyte was made to flow from one side of the aperture to the other with the aid of a vacuum, as schematically shown in Figure-1. 
Fabrication and Assembly
The fabrication of design-1 consists of two parts. The first part involves the fabrication of the silicon part of the device and the second involves the preparation of the glass part to be anodically bonded onto silicon. .a2). This is a plasma etching process developed by STS (Surface Technology Systems) which is highly anisotropic and is capable of very high aspect ratios (30: 1). This was the pattern illustrated in Figure- The processing of the glass part is described below. First, two holes, roughly 1 mm in diameter, were drilled in the pyrex glass with a diamond drill (Figure-4.bl) . Then 50 nm of chromium (Cr) was sputtered followed by 20 nm of nickel (Ni), on both sides of the sample (Figure-4.b2) . The Cr/Ni layers served as the seed layer for the subsequent gold electroplating. During the sputtering process the two holes served as vias allowing the Cr/Ni to pass through it. Next, photoresist was spun on both sides of the glass and then patterned. Two masks were used, one for patterning the bottom part and the other for the top. The pattern on the photoresist defined the areas for electroplating gold over the Cr/Ni layer ( Figure-4.b3) . The gold on the bottom defined the coulter electrodes that are in contact with the fluid and the gold on the top served as the electrical connection from the electrodes to the outside circuitry. The undesired Cr/Ni was etched away after the photoresist was stripped. The Cr was etched with a Nitric Acid based etchant and the Ni with transene Aluminum etchant. Subsequently, two more holes were drilled in the glass to serve as the fluid inlet and outlet ports (Figure- In Figure- 6a the 500 p m silicon wafer was first oxidized to obtain an oxide thickness of about 1 p m . The wafer was then patterned using the first mask, after spinning photoresist. The purpose of the first mask was to create a deep cavity in silicon so that a thin membrane was obtained. The pattern was developed and then Buffered Oxide Etchant (BOE) was used to etch the oxide (Figure6b) .
Ethylene Diamine Pyrocatechol (EDP), an anisotropic silicon etchant was then used to etch the silicon on the top side as shown in Figure- The wafer was then flipped and the oxide on the bottom side was patterned using the second mask (see Figure  6e) . The back side alignment technique was utilized to ensure that the patterns on the second mask and those on the first mask were properly aligned. The wafer was again immersed in EDP for the second silicon etch (Figure-60 . This time the etch did not need to be precisely timed, as the second oxidation (see Figure-6d ) acted as an etch-stop layer. However, if the wafer was left for too long in EDP after the etchant had reached the etch-stop oxide layer, the etchant would have under-cut the silicon which would have resulted in a larger aperture size. Finally the wafer was immersed in BOE in order to strip all the oxide. The wafer was then scribed and diced to obtain the individual die's.
In the next step this die containing the aperture was attached to the plexi glass in order to construct the fixture for testing. Figure-7 is an illustration of the fixture.
'igure-7: Assembly of design-2. 1) top plexi glass with hole (b) aperture containing die :) bottom plexi glass with hole (d) top plexi glass, 3 die and bottom plexi, all glued together (e) inlet anc Iutlet tubes attached with the platinum electrodes.
Holes were drilled in two pieces of plexi glass (Figure-7 .a,c) and glued on either side of the die shown in . Two tubes with platinum electrodes secured in them were then inserted into the holes of the plexi glass (Figure-7e) . One tube was connected to a vacuum while the other was inserted into a particle containing electrolyte solution.
Support Circuitry
The constant current required across the aperture was realized using a current source circuit as shown in Figure-8 . A current of approximately 500 k5 p A was maintained across the aperture. In order to amplify the pulses, a low noise, wide bandwidth pre amplifier circuit using Analog Devices' SSM-2017 was employed. The signal produced by the cells crossing the aperture was sent to an oscilloscope. In our experiment the amplifier was used in the unity gain mode. 
Results and Discussion
Latex particles the size of blood cells were used in order to simulate human blood cells. A Phosphate Buffered Saline (PBS) solution (pH 7.4) was used as the electrolyte. Signals obtained by the traversal latex beads through the rectangular aperture of design-1 produced a low signal to noise ratio (SNR). Inadequate contact of the gold electrodes (inside the chambers) with the gold interconnections outside the chambers could have been the cause for this. Further improvements in the design and utilizing DSP techniques on the signal is presently undertaken to improve the SNR.
The signals obtained by passing latex beads through the pyramidal aperture of design-2 were very clear and well above the noise level, thus producing a good SNR.
These signals had the same "approximately gaussian" shape reported by [8] for a cylindrical coulter aperture.
[9] reported that the shape of the aperture is required to be cylindrical. However, our experiments with pyramidal apertures show that this is not true, since we get 0-7803-5579-2/99/$10.00 0 1999 IEEE pulses that are of the same shape as of those from cylindrical apertures, for particles traversing close to axis of the aperture. Typical pulses obtained from the pyramidal aperture are shown in Figure-9 . Figure- Figure-9 .b shows a larger time scale which is the reason why it contains many more pulses.
Conclusions
Preliminary results indicate that the plasma etched rectangular aperture design although compact, needs more work to improve the SNR, by utilizing DSP techniques and by altering the design.
In contrast, although simpler in design and fabrication, the pyramidal aperture produced better signals that were comparable to conventional ruby cylindrical apertures that are currently used in commercial blood cell counters. The packaging of the unit is presently being undertaken by our research team. 
